Orthogneiss within the Paleoproterozoic strata of Lesser Himalayan sequence across the Himalaya has been variably linked to development in a continental arc setting, Indian basement, or a continental rift. New whole rock and trace element geochemical data and U/Pb zircon geochronology indicate that the granitoid protoliths to these rocks were derived from upper crustal sources in the Paleoproterozoic and have within-plate, A-type affinities. This is consistent with their generation in a rifted margin and is compatible with paleogeographic reconstructions that indicate an open boundary for present-day northern India in the Paleoproterozoic. 
Introduction
Paleoproterozoic mafic volcanic rocks and granitic rocks occur along much of the >2500 km length of the Himalayan mountain belt (see Kohn et al., 2010 for a review). It has been suggested that basaltic flows and/or dykes of that age may reflect either rifting processes (Bhat et al., 1994 (Bhat et al., , 1998 Ahmad et al., 1999; Sakai et al., 2013) or development of a continental arc (Kohn et al., 2010) . Similar contrasting interpretations have been made regarding Paleoproterozoic granitic rocks (Kohn et al., 2010; Sakai et al., 2013) . The lack of consensus on the tectonic setting and petrogenesis of these rocks has precluded understanding the Paleoproterozoic development of the northern Indian margin and permissible paleogeographic reconstructions at that time (e.g. Meert, 2002; Rogers and Santosh, 2002; Zhao et al., 2002 Zhao et al., , 2004 Hou et al., 2008; Zhang et al., 2009 Zhang et al., , 2012 Evans and Mitchell, 2011) . Moreover, understanding the antecedent nature and geometry of the Himalaya and other orogens may provide critical insight into their development and the potential influence that pre-existing structures and rock units may play in controlling the later development of the system (e.g. Larson and Price, 2006; Godin and Harris, 2014; Gibson et al., 2016) .
This study presents new whole rock and trace element geochemical analyses for orthogneiss specimens of Paleoproterozoic granitic protolith collected across east-central to far eastern Nepal (Fig. 1B) , to help elucidate the geologic history of the northern Indian margin. These geochemical data are combined with both new and previously published U-Pb zircon geochronological analysis for 6 of the specimens. The combined geochemical and geochronological datasets allow petrogenetic interpretations of these rocks and inferences to be made regarding the tectonic environment in which they may have formed. These insights provide additional constraints on the geologic plausibility of competing Paleoproterozoic paleogeographic reconstructions.
Geologic background
At the orogen scale, the Himalaya have a seemingly simple geologic structure dominated by large-scale, north dipping faults separating tectonostratigraphic units (Fig. 1) . From north to south these include the Tethyan sedimentary sequence, a package of unmetamorphosed to low-metamorphic grade Palaeozoic to Mesozoic sedimentary rocks (Brookfield, 1993) that occupies the hanging wall of the top-to-the-north sense South Tibetan detachment system (Burchfiel et al., 1992; Kellett and Grujic, 2012) . The He et al. (2015) . Locations of select dates published for Melung-Ulleri equivalents are noted. (B) Geologic map of eastern Nepal after Schelling (1992) and Goscombe and Hand (2000) . Location of map is shown in (A) as a black rectangle. Locations of specimens used in this study are noted. Grey text indicates specimen analyzed for U-Pb zircon geochronology in this study; blue text indicates specimen analyzed for U-Pb zircon geochronology in Larson et al. (2017) . MCT e Main Central thrust; MBT e Main Boundary thrust; MFT e Main Frontal thrust; HHU/LD e High Himalayan Unconformity (Goscombe et al., 2006 )/Lower Discontinuity (Larson et al., 2013) ; STDS e South Tibetan detachment system. proximal footwall of the detachment system is made up of dominantly amphibolite to granulite facies Greater Himalayan sequence rocks, which represent the exhumed, former mid-crustal core of the orogen (Searle and Rex, 1989) . The Greater Himalayan sequence is thrust over the subjacent Lesser Himalayan sequence across the top-to-the-south sense Main Central thrust (Gansser, 1964; Searle et al., 2008; Martin, 2016) . The Lesser Himalayan sequence is a thick succession of variably metamorphosed, dominantly sedimentary rocks that are typically Proterozoic in age (Parrish and Hodges, 1996; Long et al., 2011) . These rocks are thrust over the subjacent Siwaliks Group, the deformed MioceneePleistocene foreland deposits of the orogen (Yin and Harrison, 2000) , in the hanging wall of the Main Boundary Thrust (Thakur et al., 2010) .
The rocks that form the basis of this study typically occur within the Kuncha Formation and its lateral equivalents (see Upreti, 1999; DeCelles et al., 2001; Pearson and DeCelles, 2005; Larson and Godin, 2009 ) that comprise part of the Lesser Himalayan sequence (Le Fort and Rai, 1999; Sakai et al., 2013) . They are generally mylonitic, quartz þ alkali-feldspar þ plagioclase þ muscovite þ biotite orthogneisses (Ishida, 1969; Schelling, 1992; Larson et al., 2016 Larson et al., , 2017 with granitic protoliths (Schelling, 1992; Larson et al., 2017) . The orthogneiss is variably referred to as the Ulleri (e.g. Le Fort and Rai, 1999; Goscombe et al., 2006) , Melung (e.g. Ishida, 1969) , MelungSalleri (e.g. Schelling, 1992) , Phaplu (e.g. Jessup et al., 2006) , or Num (e.g. Goscombe and Hand, 2000) formation/orthogneiss, amongst others in Nepal with still more names applied along the length of the orogen. These rocks and their equivalents have been observed to have an intrusive relationship with the Kuncha Formation (Long et al., 2011; Larson et al., 2017) , which was deposited in the Paleoproterozoic (Parrish and Hodges, 1996; DeCelles et al., 2000; Martin et al., 2005) . Like the volcanic and intrusive protoliths they host, rocks of the Kuncha Formation have been interpreted to reflect deposition in a rifted or passive margin (Brookfield, 1993; Sakai et al., 2013) , or arc setting (Kohn et al., 2010) .
Geochemistry

Methods
Whole-rock major elements were measured via X-ray fluorescence (XRF) spectrometry at Pomona College at Pomona, California using a PanAnalytical Axios wavelength-dispersive instrument equipped with a standard set of crystals and a duplex detector for increased accuracy and precision of transition metals. Instrument calibration and sample preparation methods are modeled after those used by the Washington State University Geoanalytical Laboratory (Johnson et al., 1999) including powdering in a tungsten carbide ring mill, weighing of specimen with lithium tetra borate flux in a 2:1 ratio, double fusion in graphite crucibles at 1000 C for 40 min and production of glass beads.
Whole-rock trace elements were measured by laser ablation quadruple inductively coupled plasma mass spectrometry (LA-Q-ICP-MS) at the University of California Santa Barbara on small chips of the glass beads used for XRF analyses. Specimens were ablated using line scans 50 mm wide and 250 mm long at a travel rate of 2 mm/s for w2 min of data collection each. Three line scans were performed on each sample. Surface contamination was removed from the specimen by performing a line scan 50 mm wide by 250 mm long at a travel rate of 70 mm/s prior to each ablation. Whole-rock reference materials BCR-2, BHVO-2, AGV-2, Atho-G, ML3B-G, StHs6/80-G, GOR132-G, and T1-G were measured at the beginning and end of the analytical session, with Atho-G and AGV-2 measured between every 9 unknowns. Reference values used for these reference materials are from the GeoReM database, application version 18 (January 2016; http://georem.mpch-mainz. gwdg.de) (Jochum et al., 2005) . Atho-G was used as the primary reference material and AGV-2 as the secondary reference material to assess measurement accuracy of each element individually. LA-Q-ICP-MS data were reduced using the "Trace Elements IS" data reduction scheme in Iolite v2.5 (Paton et al., 2011) . Ca content measured by XRF was used as the internal elemental standard. Elements reported here were reproduced within less than 10% of the accepted values for AGV-2.
Whole-rock major and trace element data for TK54 was published in Larson et al. (2016) . The data presented herein, however, reflect re-analysis of that specimen with the others examined to maintain analytical consistency. Whole-rock major element chemistry for specimens PK39, 45, 51, and 57 are as presented in Larson et al. (2017) , which were analyzed in the same session as the present specimens.
While all attempts have been made to pick the most pristine samples, there is petrographic and geochemical evidence to suggest that some major elements, namely alkali elements (see below) have been mobile during hydrothermal alteration and/or metamorphism. Nevertheless, the majority of major elements behave coherently, suggesting minimal mobility during alteration and/or metamorphism and reflect primary values. Furthermore, we have focused primarily on immobile trace elements, namely the high field strength elements (HFSE) and rare earth elements (REE) to elucidate primary magmatic affinities and inferences about tectono-magmatic setting of formation because these elements have been demonstrated both empirically and experimentally to be immobile during alteration and metamorphism, except under very specific conditions (e.g. Finlow-Bates and Stumpfl, 1981; MacLean, 1990; Ross and Bedard, 2009) , conditions that the samples herein were not subject to.
Results
Geochemical data are presented in Figs. 2e8 and detailed in Table 1 . Standard Harker plots, shown in Fig. 2 , illustrate negative trends in the immobile elements TiO 2 and Al 2 O 3 , consistent with varying abundances of oxide and feldspar minerals in the specimens, respectively. Fe 2 O 3 and MnO, and to a lesser extent MgO, mirror the immobile element trends suggesting that they are immobile, and the decrease in Fe-Mn-Mg is consistent with variable ferromagnesian mineral abundance (Fig. 2) . CaO, Na 2 O, K 2 O, and P 2 O 5 show more scatter and reflect the combined effects of both feldspar and apatite abundance in the specimens, and minor alkali mobility potential due to sub-solidus alteration (Fig. 2) . The mobility of alkalis is partially supported by the Spitz-Darling index as a subset of specimens has low Na 2 O contents (<2 wt.%) and high Al 2 O 3 /Na 2 O values (>10), indicative of feldspar alteration and alkali mobility (Fig. 3) . Despite alkali mobility, all specimens, including those from the least altered field labeled on Fig. 3 , have peraluminous affinities (Fig. 4) . The specimens also have immobile element signatures that indicate transitional to calc-alkalic affinities in ZreY, TheYb, and LaeYb space (Fig. 5) . The specimens have elevated high field strength element (HFSE) contents, plot in the within plate field in NbeY and RbeTa þ Yb space, and have A-type affinities (Fig. 6 ). Furthermore, they have upper crust normalized LaeSm ratios that are near unity, indicating that the specimens were at least partially derived from or interacted significantly with crust that had upper crust compositions (Fig. 7) . This is also echoed by the relatively flat rare earth element (REE) patterns in an upper crust normalized REE plot (Fig. 8) . Finally, the negative Eu anomalies in Fig The scatter in CaO, Na 2 O and K 2 O is likely related to a combination of varying feldspar abundance in the specimens and some alkali mobility due to alteration of said feldspars (see Fig. 3 ).
U/Pb geochronology
Methods
Zircons from specimens KM15 and KA25 were analyzed by LA-MC-ICPMS at the University of California in Santa Barbara following Cottle et al. (2012 Cottle et al. ( , 2013 . U/Pb analyses were conducted for 30 s each using a spot diameter of 20 mm, a frequency of 4 Hz, and 1.0 J/cm 2 fluence (equating to crater depths of w6 mm). Data reduction, including corrections for baseline, instrumental drift, mass bias, down-hole fractionation, and uncorrected age calculations, and concentration calculations were performed using Iolite version 2.5. Full details of the data reduction methodology can be found in Paton et al. (2010) and Cottle et al. (2012) . Age data were plotted using Isoplot v.3.7 (Ludwig, 2003 
Results
Forty-five spot analyses were performed on the same number of zircons from specimen KM15 ( Fig. 1; Table 2 ). The zircons are oscillatory zoned in CL and have Th/U ratios ranging from 0.03 to 0.15. Thirty-nine analyses define a discord with no concordant data, significant lead loss in all analyses, and a poorly defined upper intercept Maniar and Piccoli (1989) . All specimens have peraluminous affinities, including the least altered specimens. (Spitz and Darling, 1978) illustrates that a subset of samples has very low Na 2 O < 2 wt.% coupled with high Al 2 O 3 /Na 2 O > 10, indicative of feldspar alteration and destruction from hydrothermal alteration. Diagram after Ruks et al. (2006) . date of 1900 AE 12 Ma (Fig. 9) . Based on these observations, and acknowledging that there is scatter in the data as indicated by the high mean square of weighted deviates (MSWD), we tentatively interpret this date as our best approximation of the igneous crystallization age of the granite. The remaining six analyses, all from core domains, are significantly older (w2.0e2.8 Ga) than the main array and are inferred to reflect inheritance from the source region(s). Thirty-five spot analyses were performed on the same number of zircons from specimen KA25 (Fig. 1) . As with KM15, the zircons are oscillatory zoned in CL and the majority have Th/U ratios <0.2. Thirty-two analyses define a discord with a grouping of subconcordant points, and an upper intercept date of 1915 AE 15 Ma with an elevated MSWD (Fig. 9 ). This date is inferred to approximate the igneous crystallization age of the granitoid. The remaining three analyses yield dates of 2.0e2.1 Ga, and are inferred to reflect an inherited component(s).
Existing published ages for specimens PK39, 45, 51, and 57 (Fig. 1B) are significantly younger than either KA25 or KM15 with upper intercept protolith crystallization ages indistinguishable between 1795 AE 6 Ma and 1799 AE 6 Ma (Larson et al., 2017) . In contrast, specimen TK54, an orthogneiss from the Tama Kosi area (Fig. 1B) is interpreted to have an older, 1940 AE 16 Ma, age for crystallization of the granitoid protolith (Larson et al., 2016) .
Discussion and paleogeographic implications
The geochemical and geochronologic data from this study indicate that the orthogneiss protoliths were derived from upper crustal sources and have A-type, within-plate affinities. The latter indicate that they formed either during rifting of continental crust or post-orogenic collapse. Kohn et al. (2010) argued convincingly against a Paleoproterozoic orogenic event and rule out postorogenic collapse, citing a lack of compatible metamorphic ages and near surface deposition of volcanic rocks intercalated with sedimentary deposits. Kohn et al. (2010) suggested an arc related origin for lateral equivalents of the protoliths to the orthogneiss examined in this study and the associated sedimentary rocks. This interpretation is based on field and thin section observations of possible volcanic textures, as well as trace element discrimination plots. The volcanic textures reported are not spatially widespread as might be expected in an arc setting, but are restricted to the Pabar region of NW India. Moreover, the quartz phenocrysts and potential pumice fragments observed do not uniquely identify an arc environment as the same have also been described from numerous felsic, rift-related volcanic rocks (e.g. Kumarapeli et al., 1989; Cluzel, 1992; Furnes et al., 1994) . Similarly, amygdaloidal basalt, intercalated amphibolite and chloritic schist, and hydrated metabasalt all occur in a variety of tectonic settings and, in of themselves, are not diagnostic of an arc source. Furthermore, the 'Pearce' trace element discrimination plots (Pearce et al., 1984) presented by Kohn et al. (2010) showed that these rocks span across the 'syn-collisional', 'within plate', and 'volcanic arc' fields and do not uniquely identify their tectonic provenance. Finally, as pointed out by Sakai et al. (2013) an arc-related orogen for the orthogneiss protoliths is inconsistent with the lack of a recognized accretionary complex of similar age in the Himalaya and with the large thickness and time-span of Lesser Himalayan sequence sedimentary rocks that indicate quasi-continuous basin subsidence for w 500 M.y.
The trace element data presented in this study plots entirely in the 'within plate' field of Pearce et al. (1984) tectonic discrimination diagrams ( Fig. 6A and B) . This lends support to the interpretation of the orthogneiss protoliths in this study as a product of continental rifting. Though there are other occurrences of rocks with similar ages and characteristics to those examined herein (Fig. 1A) , most lack the geochemical data need for comparison. A rift-related orogen for the rocks examined in this study is consistent with the findings of Sakai et al. (2013) , who argue for a continental riftrelated depositional setting for the Kuncha Formation, which is associated with the orthogneisses along the Himalaya. A withinplate, rift-related association is also consistent with previous studies of contemporary, late Paleoproterozoic mafic dykes in the region. The geochemistry of these dykes, which occur both within the Himalaya and the Indian Craton, is compatible with a rift setting (Bhat et al., 1994 (Bhat et al., , 1998 Ahmad et al., 1999; Sakai et al., 2013) .
A Paleoproterozoic rifting model for the development of the northern Indian margin may help distinguish between proposed paleogeographic models for that time. Many of these reconstructions, which are based on a variety of geological correlation and paleomagnetic data, depict India with an open boundary along its present day northern margin (Meert, 2002; Rogers and Santosh, 2002; Zhao et al., 2002 Zhao et al., , 2004 Zhang et al., 2009 Zhang et al., , 2012 and are potentially compatible with a rifted system. Unfortunately, the data and interpretations presented herein cannot discriminate between these models. They are, however, incompatible with the reconstruction of Hou et al. (2008) which shows subduction beneath the present day northern Indian margin at w1.85 Ga.
Conclusions
The new geochemical data presented in this study are inconsistent with previous interpretations of felsic orthogneiss units in the Lesser Himalayan sequence as the product of arc magmatism. Instead, along with new geochronologic control, the data indicate the rocks formed from an upper crustal source in a continental rift setting in the Paleoproterozoic. Such an origin for the rocks is compatible with a series of paleogeographic reconstructions that depict present-day northern India as facing an open margin. Paton et al. (2010) . d Age calculations are based on the decay constants of Jaffey et al. (1971) . Figure 9 . Wetherill U/Pb concordia diagrams for orthogneiss specimens KM15 and KA25. Diagrams constructed using Isoplot v.3.7 (Ludwig, 2003) .
